Executive Summary
The GreenRay Inc. program focused on simplifying solar electricity and making it affordable and accessible to the mainstream population. This was accomplished by integrating a solar module, micro-inverter, mounting and monitoring into a reliable, "plug and play" AC system for residential rooftops, offering the following advantages:
 Reduced Cost: Reduction in installation labor with fewer components, faster mounting, faster wiring.  Maximized Energy Production: Each AC Module operates at its maximum, reducing overall losses from shading, mismatch, or module downtime.  Increased Safety. Electrical and fire safety experts agree that AC Modules have significant benefits, with no energized wiring or live connections during installation, maintenance or emergency conditions.  Simplified PV for a Broader Group of Installers. Dramatic simplification of design and installation of a solar power system, enabling faster and more efficient delivery of the product into the market through well-established, mainstream channels. This makes solar more accessible to the public.  Broadened the Rooftop Market: AC Modules enable solar for many homes that have shading, split roofs, or obstructions. In addition, due to the smaller building block size of 200W vs. 1000W, homeowners with budget limitations can start small and add to their systems over time.
Through this DOE program GreenRay developed the all-in-one AC Module system with an integrated PV Module and microinverter, custom residential mounting and performance monitoring. Development efforts took the product from its initial concept, through prototypes, to a commercial product sold and deployed in the residential market. This pilot deployment has DE-FC36-07GO17050 Development of an AC Module System GreenRay, Inc.
Page 4 of 43 demonstrated the technical effectiveness of the AC Module system in meeting the needs and solving the problems of the residential market. While more expensive than the traditional central inverter systems at the pilot scale, the economics of AC Modules become more and more favorable as the product matures and is made in high volumes. GreenRay's early customers have been highly enthusiastic about the AC Module system benefits.
Project Objectives and Accomplishments:
The objective of the GreenRay Inc. program was to develop an AC module system that integrates a PV module, micro-inverter, mounting and monitoring, and is focused on the residential PV market. The target attributes of the AC module system were:  Simpler to design systems  Safer for installer/users  Lower cost  Higher reliability
These attributes contribute to realizing the DOE's Levelized Cost of Energy (LCOE) targets by 2015.
The products developed through this program met all of these targets in the following way:  Simpler to design systems -no need to match module strings to central inverter, one size fits all, unique mounting system simplified the design for nonmonolithic arrays on rootops  Safer for installer/users -system remains de-energized until final connection to the grid and is easily understood by installers and inspectors. This is contrasted by the high DC voltages of centralized-inverter based systems.  Lower cost -the integrated inverter and quick mounting lowered installation time and cost.  Higher reliability -innovative inverter design utilizes film capacitors not electrolytics and is designed for a 30-year life.
Summary of Project Activities & Accomplishments
There are five primary elements of the AC Module System shown below: micro-inverter, module frame, mounting system, quick connector and cable, and data communications elements, in addition to business development activity. This simplified block diagram is intended to show the inherent inter-dependency and inter-relationship of these various elements; none of these elements can be developed in isolation of the others, as they are intimately linked.
DE-FC36-07GO17050 Development of an AC Module System
GreenRay, Inc.
Page 5 of 43
The project spanned a period of 5 years and had four development phases. Testing and certifications of the AC Module. Commercial manufacturing and market launch.
While there were several technical and business hurdles along the way that extended the original three-year timeline, these were all overcome and the project was highly successful. GreenRay began the program as a nascent, startup company with nothing more than concepts for the AC Module System. Throughout the life of this program, those ideas crystallized into designs, prototypes, and finally commercially manufactured products which were sold into the residential PV market. The specific tasks for each phase along this journey are summarized in the tables that follow. Relationships built with several installers in the US. Sales and installation training conducted.
Market Introduction
Dec '11 Product launched in October 2010 at Solar Power International and sold through October 2011.
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PV Module Characterization
One of the first tasks GreenRay undertook was modeling. Two Sanyo HIT PV modules were shipped to Sandia National Laboratories for outdoor evaluation and characterization at the Photovoltaic System Evaluation Laboratory. Sandia installed the two PV modules at PSEL with instrumentation and monitored them for approximately six weeks. After more than 4,000 "observations" or data points, the data were analyzed to determine ratings for the PV modules under a range of typical meteorological conditions. In addition, the coefficients describing the change of PV module I-V characteristics with temperature and irradiance were also derived and documented. The derived coefficients allowed us to then model the PV module accurately using Sandia's 5-point I-V curve modeling algorithms. Simulated hour-by-hour values of module Vmp and Imp in the Boston climate.
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GreenRay used these models to simulate the performance of the Sanyo HIT PV modules in various climates, and establish the range of module current, voltage and power output and thereby help to optimize the micro-inverter for these modules. 
Micro-inverter Design
Work on the design of the micro-inverter began with a review of the requirements and specifications, followed by a comprehensive study of circuits and topologies that might be used. Suitable power electronic and other circuit components were identified and their characteristics summarized. Samples were obtained. GreenRay generated a model for the power circuit of the micro-inverter for the different circuit topologies under consideration, and exercised the model to estimate efficiency and parts cost. Among the variables studied parametrically for the several different inverter circuit designs were dc input voltage range, output ac voltage and the inverter power rating. Based on the results of the study, we selected a circuit topology that had the potential to meet our lifetime, efficiency and cost targets.
For the selected topology and configuration (input dc voltage, output ac voltage and inverter power rating), a circuit was designed. GreenRay's initial concept was a 400-Watt micro-inverter that would serve two 200-Watt Sanyo PV modules. However, over the course of the project and with feedback from the DOE and advisors, our focus shifted to a 200-Watt inverter operating with a single PV module.
GreenRay's micro-inverter is designed to operate reliably for the 25-year economic lifetime of a PV module. Accordingly we have eliminated known life-limiting circuit elements, such as electrolytic capacitors, that are commonly found in inverters. One of the fundamental premises of our approach has been the complete elimination of electrolytic capacitors from the design. This prohibition applies not only to the large storage capacitance that is inherently needed in a dc/ac inverter, but also to the smaller circuits, such as the internal power supply for the control electronics. Note that this applies also to the entire class of electrolyte-type capacitors such as tantalum capacitors.
The problem with electrolytic capacitors is not necessarily that they have low reliability, but rather that they have a known wear-out mechanism which causes end of life. Electrolytic capacitors may not see high failure rates in an inverter until later in life, when a very large percentage of the inverter population starts to fail over a relatively short period of time. The time-to-wear-out for an electrolytic capacitor is dependent upon the environment in which it operates. The wear-out mechanism is loss of electrolyte, which happens with temperature and time. As electrolyte is lost, internal resistance increases, which increases internal self heating, which further increases the rate of electrolyte loss in a positive feedback cycle. End-of-life failure of electrolytic capacitors is typically quite dramatic and makes design of an inverter more difficult to pass safety testing.
As a result, and out of an abundance of caution, we have chosen to only use ceramic and metalized film capacitors. Unlike electrolytic capacitors, metalized film capacitors do not have a limiting wear out mechanism. End-of-life for film capacitors is typically defined as a loss of 2% of initial capacitance, compared with loss of 20% capacitance for electrolytic capacitors. If the inverter is designed to function with 20% loss of capacitance, then film capacitor life can be nearly 10x the design lifetime listed on the datasheet. Film capacitors are also more rugged than electrolytic capacitors because they can withstand much higher voltage surges, relative to their voltage rating, and they have self-healing properties inherent in their construction.
DE-FC36-07GO17050 Development of an AC Module System
Page 13 of 43
Opto-coupler devices are not used in GreenRay's inverter. These devices are used in many consumer power-electronic products, however, they typically exhibit very wide variation in their characteristics over wide temperature extremes. In the consumer-product environment, the range of operating temperatures is quite limited and this is not a significant problem. In contrast, the range of temperatures experienced by the micro-inverter in an AC Module is extreme and as a result we have eliminated opto-couplers from the inverter.
It is well known that in order to achieve high product reliability, there must be margin between internal component ratings and the final product rating. We utilized the Jet Propulsion Laboratory De-Rating Guidelines (JPL Derating Guidelines, Jet Propulsion Laboratory, Electronic Parts Engineering Office 514) as a guide to the component de-rating process. This 20-page document provides engineering details on how to apply de-rating. The scope of the document states: "This document provides guidelines and recommendations for de-rating of electronic parts used in JPL spaceflight hardware." While GreenRay is not intending to build hardware for spaceflight application, we strongly believe it is useful to draw guidance from their lessons learned.
The guide further states: "De-rating of a part is the intentional reduction of its electrical, mechanical and thermal stresses for the purpose of providing a safety margin between the applied stress and the actual demonstrated limit of the part capabilities. The de-rating policy established herein is intended to reduce the occurrence of stress-related failures and help assure long-term reliability."
For example, power MOSFETs are to be de-rated by 0.75 for current and voltage ratings and 0.50 for power rating, with a maximum junction temperature of 125°C, or 40°C below manufacturer specified maximum temperature. Ceramic capacitors have a voltage de-rating factor of 0.60, meaning that a capacitor intended to be operated at a maximum of 12 Volts must have a rating of at least 20 Volts (12/20 = 0.60). Electrolytic capacitors are not even listed in the guide. Every component in the inverter has been reviewed to ensure that all components meet reasonable design safety margins.
In addition GreenRay contracted with the Advanced Packaging Group at Sandia National Laboratories to conduct a comprehensive review of our micro-inverter prototype. As a direct result of this investigation, GreenRay implemented numerous changes to the inverter design, including: circuit board geometry, trace design and layout, component layout, component technology and type, solder technology and method, potting technology and strategy. This study contributed significantly to our understanding of the challenges associated with achieving a high-reliability inverter.
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Scope trace of line voltage and synchronized inverter current waveform
The GreenRay micro-inverter is attached to the module frame.
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Safety Certification
Of necessity is the comprehensive testing of the AC Module for safety, by a nationally recognized testing laboratory; this process leading to certification or "listing". As the GreenRay AC Module development reached a state of readiness for the commencement of the safety certification evaluation, we prepared samples and conducted thorough in-house testing, to insure success in the subsequent testing at the laboratory.
Laboratory testing began in early 2010 and followed the requirements in the familiar UL 1741 standard -"Inverters, Converters, Controllers and Interconnection System Equipment for Use With Distributed Energy Resources". Evaluation and testing encompasses the following topics:  Construction review  Protection against risks of injury to persons  Output power characteristics and utility compatibility  Performance  Rating  Marking  Manufacturing and Production Tests
Note that an AC Module is subjected to extra tests that are not required for a microinverter alone. Specifically, when a micro-inverter is factory integrated to a PV module, and designed to be a code-compliant AC Module, the integrated AC Module must undergo the Temperature Cycling and Humidity Cycling environmental stress sequences. These environmental stress tests are not required in the listing process for a micro-inverter alone, or a central inverter.
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Another test done as part of the safety certification process is the Temperature Test. The objective of the temperature test is to confirm that operating temperatures of all materials do not exceed their ratings. For this test, a 25C ambient temperature is maintained by an aircirculation system in the test chamber, the plane-of-array (POA) irradiance on the module surface is 1,100 W/m 2 (10% higher than nominal peak sunlight conditions used for rating of PV modules, which is 1,000 W/m 2 . Thermocouples were installed in 8 locations under and around the micro-inverter and on the module back surface in various locations. The inverter was operated at its full power until all temperatures reasonably stabilized, which was approximately 14 hours. The results showed that all temperatures were within bounds and no temperature issues existed for the AC Module.
An AC Module is instrumented and undergoing temperature testing during safety certification.
Safety Certification was completed in the summer of 2010.
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Thermal Modeling
One challenge faced with integrating an inverter and a PV module is to understand the impact that the inverter losses will have on the PV module's operating temperature. To investigate this early in our development, GreenRay established a testbed and monitored several PV modules mounted on a residential-type roof structure for several months. One PV module in this experiment was equipped with a faux inverter that simulated the energy losses of an actual micro-inverter. From the accumulated data in this experiment, a model was created and tuned to predict the measured performance with reasonable accuracy. The model then was exercised over a wide range of simulated environmental conditions to investigate the impact of the micro-inverter on the temperature of the module. A typical result is shown in the figures below.
CFD modeling of tilted PV modules in full sunlight, no wind, and 25C ambient air temperature. Module on the right has a heat-dissipating micro-inverter, frame-attached in the lower right corner region. A slight increase in cell temperatures can be seen there, but temperatures remain well below the hottest cells in the module.
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Testing
In our mission to create a differentiated high-reliability micro-inverter and fully-integrated AC Module, GreenRay undertook a broad range of aggressive stress testing and analysis, in an effort to unearth any weaknesses in the design. Specific stress tests included the following:
High Temperature Test
One branch of our testing is aimed at accelerated aging, that is, a finite-duration laboratory sequence that can bring about in a matter of months any life-ending phenomena that would otherwise be revealed only after many years in the field. Ideally such a laboratory test can establish a correlation between test time before failure and years in actual field use, and thereby be a credible indicator of the product's useful lifetime. Such a test protocol was used and published in the late 1990s in the Netherlands 1 and it specifically targets micro-inverters and assessment of their useful lifetime. GreenRay conducted the high temperature test on its inverter following the procedures in the referenced paper, which requires maintaining the inverter in an ambient temperature of 75C and operating the inverter at 80% of full power continuously. The procedure specifies a nominal test period of 2,000 hours at these conditions, which would demonstrate a 20-year useful life in the climate of the Netherlands. GreenRay's inverter operated in this test for more than 10,000 hours without interruption and without failure of any type. This period of time-in-test equates to 60+ years in a Phoenix climate, and 150+ years in a Boston climate.
From the referenced document:
This test is performed to determine the lifetime of the electronic components of the inverter. For this purpose the ambient temperature of the inverter is increased above the normal operating temperature. Normal aging processes will be accelerated. When the normal operating temperature is T 1 and the test is performed at inverter temperature T 2 , it is assumed that the aging process is accelerated by a factor A, where A is given by the Arrhenius relation:
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Seasonal Temperature Cycling
When operating in the field, the internal temperature of a micro-inverter undergoes a daily cycle that in the extreme could involve a swing of 75C or more between off-time at night and high-power operation during the hottest time of day. To assess the impact of repeated cycling, GreenRay devised an accelerated Seasonal Temperature Cycling test sequence. In this test the temperature of the inverter is cycled from a low of -30C to a high of +60C --a 90C temperature swing --making one full temperature cycle each 24-hour period. The inverter operates at full power for two minute intervals at a 50% duty cycle. During a 24-hour period this results in ~365 "micro-days" (4-minute-long "day", with 2 minutes of full-power operation and 2 minutes of transition or off-time), or one "micro-year". In this way the inverter sees start-up, full-power operation and shut-down over a very wide range of temperature conditions and cycles its components more than 20,000 times. The GreenRay inverter completed 1,400 hours, or ~60 "micro-years" of Seasonal Temperature Cycling with no failures.
IEC 61215 Damp Heat Test
The Damp Heat Test is designed to stress a PV module in an environmental soak at 85C with 85% relative humidity for 1,000 hours. A hi-pot test is performed before and after the soak to see if insulation systems have been compromised. The damp heat test is part of IEC 61215, an international test standard for crystalline modules. The damp heat test is not currently required in the U.S., and is not included in the UL1703 standard that guides module safety certification testing in the U.S. Also the damp heat test is not intended for inverters, nor required by any agency for inverters; it applies only to PV modules. Nonetheless, as an extreme environmental stress test, it is an excellent test for a micro-inverter. GreenRay contracted with a third party laboratory to conduct the damp heat test on three micro-inverters. The three units were operated and hi-pot tested before the soak, and again after the 1,000 hours at 85C and 85% RH. All units passed and suffered no significant degradation of insulation systems.
UL1703 Humidity Freeze Cycling and Temperature Cycling
Testing of the GreenRay micro-inverter went beyond what is required for standard central inverters or micro-inverters, because GreenRay's inverter is part of an AC module and that introduces additional tests. Specifically, the GreenRay micro-inverter underwent two accelerated aging environmental conditioning sequences, that are borrowed from the UL 1703 standard for the testing of PV modules: Humidity-Freeze Cycling and Temperature Cycling. These tests are described below. Following these environmental conditioning sequences, the inverter is subjected to a hi-pot test that checks for changes to the isolation between electrically-live parts (such as conductors carrying current) and de-energized metallic parts (such as the PV module's frame). In both tests, the units performed without failure.
Humidity-Freeze Cycling Test: the AC module is in a temperature-andhumidity-controlled chamber. Over 24 hours it makes one cycle between high ambient temperature and humidity (85C and 85% relative humidity),
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where it dwells for 20 hours, and very cold conditions (-40C) where it dwells for a minimum of 30 minutes. A total of 10 cycles are conducted over a period of 10 days.
Temperature Cycling Test: the AC module is in a sealed temperaturecontrolled chamber. The temperature makes 4 cycles per day between -40C and +90C, with a dwell time of 0.5 to 1.75 hours at both extremes. A total of 200 cycles are completed over a period of ~50 days.
FCC Certification
Products intended for installation on dwellings and commercial buildings must comply with the limits on radiated and conducted emissions as defined by the FCC. GreenRay's AC Module was tested in January 2010 and received its certificate of compliance with FCC Part 15, Subpart B that month.
The GreenRay AC Module in the chamber for the FCC Class B radiated and conducted emissions testing (also known as the duct tape and sawhorse test).
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In-House HALT Testing
Highly-Accelerated Lifetime Testing is a sequence where a unit under test is stressed with the intent of determining the point at which the unit will fail.
For GreenRay's in-house testing, a sample micro-inverter was instrumented and placed in a temperature-controlled chamber. The unit's power was ramped slowly up to full power and operated for several hours at a fixed ambient temperature until all temperatures were reasonably stable. Testing started at an ambient temperature of 25C and incremented up in 5C steps. Over a period of two weeks testing continued, taking data and making observations of internal device temperatures at each step. The AC output waveform was also the carefully observed and recorded. When ambient temperature was set at 120C, the first failure of an internal component was observed.
These results demonstrated the GreenRay micro-inverter's survival to extreme temperature, far exceeding any specifications. This further validated the design margins and component derating strategy used, and the achievement of a robust design.
In-house HALT test setup Waveform shows distortion when the point of device limit was reached at the 120C ambient condition.
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Predictive Analysis
Predictive analysis using software tools such as Telcordia SR332 or MIL-STD-217F is useful in the design process to compare components and improve a product's design. In the analysis of MTBF, the goal is to assess the rate at which micro-inverters will fail during their useful life. For example, assume production of 10,000 micro-inverters and all of them begin operating in the same year. Ignoring the following years' production, further assume that those 10,000 microinverters are watched closely over the next 30 years. As each year goes by, what percentage of micro-inverters should be expected to fail in any given year? Intuitively, in the first months or year some initial failures would be expected; in year 28 more failures would be expected as the product nears the end of its lifetime. In between, the failures occurring should be random and at a low and stable rate. That middle period is the "useful life" of the product --between the initial failures and end-of-life failures.
The well-known bathtub curve illustrates this and consists of three periods: an infant mortality period with a decreasing failure rate, followed by the useful life period with a low, relatively constant failure rate, and concluding with a wear-out period that exhibits an increasing failure rate. MTBF is not a predictor of the length of the useful life, but is simply a statistical measure of how reliable a product is during its useful life.
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As noted, during the useful life of a product, failures occur randomly but at a constant average rate. Mathematically this suggests a distribution of events that is exponential. In statistics an exponential distribution arises naturally when modeling the time between independent events that happen at a constant rate. The amount of change in your pocket, and the life of a car battery also exhibit an exponential distribution. An exponential distribution is a type of probability distribution and takes the form:
(probability density function), = 190 years! GreenRay contracted Relex (www.relex.com), an engineering firm that performs reliability analyses for aerospace and other industries, to conduct the predictive analysis of its microinverter. Relex used the Telcordia -SR332 standard which originally comes from the telecommunications industry. This standard is the most appropriate for small power electronic devices working in the outdoor environment.
Relex's analysis predicts GreenRay's inverter to have an MTBF of 500 years. MTBF is not a predictor of useful lifetime but is a statistical measure relating to reliability. DE-FC36-07GO17050 Development of an AC Module System GreenRay, Inc.
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Assembly and Manufacture
GreenRay receives standard 200 Watt PV modules from Sanyo, and the GreenRay microinverter from our contract manufacturer partner. On site in our facility the final assembly of the AC module takes place.
Frame modifier attaches to standard module frame.
Inverter secures to module frame using two fasteners
Depiction of the assembled AC Module
The finished AC Module is hi-pot tested, then labels are applied.
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Residential Mounting
As a companion to the AC Module, GreenRay developed a residential mounting system that eliminates standard racking. The objective was to reduce cost through reduction in materials and at the same time reduce time on the roof for an installation. The GreenRay approach was to incorporate features in the module frame that would facilitate and simplify mounting, and require only mounting feet to support the panels. Complete replacement of the module's frame was not feasible during our pilot phase, so instead we created an add-on modification to the standard module frame, in order to demonstrate the concept effectively. The frame with its added elements provides a feature to accept the companion mounting feet at any position along its east-west dimension.
Reaction to the mounting system was mixed, at first, as it represents a dramatic shift in the way modules are traditionally installed. However, after gaining further experience with multiple installations and encountering different roof situations, the advantages became clear. Berkshire Photovoltaic Systems (Adams, MA) ultimately found that their installation time on the roof was reduced up to 25% with the GreenRay mounting system. 
